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A scalar potential obtained from the D-term in the Supergravity models, responsible for the
inflationary phase in the early universe, is studied. The potential has a very slow roll feature in
comparison to various other plateau type inflationary potentials. Thus, a much lower tensor-to-
scalar ratio is obtained in this case. The predicted values of the inflationary observables are well
within the 1-σ bounds of the recent constraints from Planck’18 observations. The era of reheating
after the inflationary phase is also studied and the bounds on the reheating temperature (Tre) is
calculated for different equation of states during reheating (wre) for the Planck’18 allowed values of
the scalar spectral index (ns).
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2I. INTRODUCTION
Cosmological inflation is an era of rapid exponential expansion of the universe which is necessary to solve the initial
condition problems (e.g. horizon, flatness problem). It was quickly perceived that inflation not only solves the initial
condition problems but also essential in realising the structural formation of the Universe due to the fluctuations of
the inflaton field [1, 3]. There are numerous models of inflation proposed in literature (cf. [1, 2]) since the idea was
first established by Allan Guth[4]. For the earlier seminal works on inflation reader is suggested to go through [5–9].
With the recent advancement in observational cosmology, Cosmic Microwave Background(CMB) experiments such
as the Wilkinson Microwave Anisotropy Probe (WMAP) [10], Planck mission [11] have constrained the inflationary
observables quite stringently. In particular, the Planck 2015 inflation analysis [11] has ruled out many popular models
of inflation. In 2018, the final results by the Planck mission is reported in [12, 13] which has constrained the inflationary
models even more.
As gravity plays a crucial role in cosmology, consideration of local supersymmetry i.e, Supergravity models in particle
physics could be very much relevant in the context of inflation. It has been found that Starobinsky type plateau
inflation potential [14] could satisfy low tensor to scalar ratio(r) and such potential could be achieved in Supergravity
with appropriate choice of Kähler potential of no-scale form [20] where the quadratic term in the scalar potential is
suppressed. There are both F term and D term scalar potential in Supergravity models and either one of them could
play the role of inflationary potential. However, in general, with F term there is so called η problem resulting in lack of
required slow roll necessary for inflation. Here, we shall consider D term inflation. With appropriate choice of no-scale
Kähler potential, Minimal Supersymmetric Standard Model (MSSM) superpotential and the gauge kinetic function, it
is possible to obtain a Starobinsky like plateau inflation with Higgs and sneutrino scalar fields [16]. However, although
supergravity inspired power law plateau inflation potential could give small r, but as found in [17], the number of
e-folding(Ne) during inflation is much lesser than the required number of e-foldings to match the observations. Very
recently from F term scalar potential with kinetic term for the inflation field in approximate canonical form, low
tensor scalar ratio has been obtained [18]. However, in this work with appropriate choice of Kähler potential and
MSSM superpotential with up and down type Higgs scalar fields, we have obtained D term scalar potential along
with kinetic term for the inflation field in canonical form for which it has been shown that low r as well as justified
number of e-foldings could be achievable apart from satisfying other CMB observables.
The rest of the paper is organised as follows. In section II, we will discuss the basic formalism of SUGRA and F and
D term scalar potential. In section III, the inflationary observables are calculated using the potential proposed in
section II and are compared with the recent observational bounds. Then in section IV, we have analysed the reheating
era after the end of inflation and reported the bounds on the reheating temperature (Tre) as well as reheating number
of e-foldings (Nre) for different equation of states during reheating (wre). Finally in section V we have drawn the
conclusion from our analysis.
II. INFLATIONARY POTENTIAL FROM SUPERGRAVITY
N = 1 supersymmetry has lots of resemblance with the Standard Model of particle Physics as far as the matter fields
corresponding to one of the supersymmetric partners are concerned. This can be the effective theory at low energy
which is hierarchically much smaller than the Planck mass. In that case, low energy dynamics could be expected to
be governed by N = 1 supergravity theory. In D = 4 and N = 1 supergravity models the tree level scalar potential
V has contributions from F term and D term and expressed as:
V = VF + VD . (1)
VF is determined in terms of superpotential W and the Kähler potential K which are functions of chiral scalar
superfields φi and φ∗i and is written as:
VF = e
G
[
∂G
∂φi
Kij∗
∂G
∂φ∗j
− 3
]
, (2)
where Kähler function, G = K + lnW + lnW ∗. Potential VD depends on gauge symmetry and is related to gauge
kinetic function. The Kähler potential is written as:
VD =
1
2
∑
[Re[fab]
−1DaDb , (3)
3where Da = −ga ∂G∂φk (T a]
l
kφl, and T
a is the group generator, ga is the corresponding gauge coupling, fab is the
holomorphic function of superfield φi. The kinetic energy term for the scalar fields in the Lagrangian is given by
Lkinetic = Kj∗i ∂µφi∂µφ∗j , (4)
where Kj∗i is the inverse of the Kähler metric
Kij∗ =
∂2k
∂φi∂φj∗
. (5)
Following [15, 19–21] we consider Kähler potential as:
K = 3M2P ln
[
1 +
1
3M2P
(
HuH
†
u +HdH
†
d
)]
. (6)
where Hu and Hd are up and down type Higgs scalars and Mp is the reduced Planck mass. Such construction
corresponds to no scale supergravity [19], as the supersymmetry breaking scale remains undetermined at the tree level
and the scale may be set by considering perturbative corrections. Construction of Kähler potential for more than
single chiral superfields was particularly considered in [20] and their stable de Sitter vacua were discussed in [21]. In
our case, supersymmetry breaking scale could be much lower than the inflation scale. We have considered a minimal
gauge-invariant holomorphic term in the superpotential:
W = µHu.Hd (7)
where µ parameter is considered to be relatively very small at high energy scale of inflation but becomes significant
near supersymmetry breaking scale. The Yukawa interaction terms associated with masses of lepton and quarks which
are also gauge-invariant and holomorphic, have not been considered in the superpotential due to smallness of Yukawa
couplings.
Writing up and down type Higgs scalars Hu and Hd as
Hu =
(
φ+u
φ0u
)
; Hd =
(
φ0d
φ−d
)
(8)
and considering SU(2)L symmetry generators as the Pauli matrices, U(1)Y hypercharges for Hu and Hd as 1 and
-1 respectively and choosing gauge kinetic function fab = δab in Eq. (3), the D term for the scalar potential can be
written (in units of MP = 1) as:
VD =
9
8
(g21 + g
2
2)
(
−|φu|2 + |φd|2
)2
(
3 + |φu|2 + |φd|2
)2 . (9)
Using the parametrization φ0u = φ sinβ and φ0d = φ cosβ, the VD term can have simplified form:
VD =
9
8
(g21 + g
2
2) cos
2 2β
|φ|4(
3 + |φ|2
)2 (10)
There is no natural scale for the parameter µ. We consider it of the order of electroweak scale. It being much smaller
than the the energy scale where inflation occurs, the VF term in the scalar potential which is proportional to µ2
then is expected to be smaller than the VD term in the scalar potential. Only VD term will be considered for scalar
potential in our subsequent discussion for inflation. However, the kinetic term as follows from Eq. (4) is:
Lkinetic = 9(
3 + |φ|2
)2 ∂µφ∗ ∂µφ , (11)
which is not in its canonical form. To relate with observational data we have to consider a field for which the kinetic
term can be written in its canonical form. The above Lkinetic term in terms of a field ξ in a canonical form should be
Lkinetic = 1
2
∂µξ∗ ∂µξ . (12)
4Using Eq. (11) and (12), the φ field can be related to ξ field as:
φ =
√
6 tan
(
ξ√
6
)
. (13)
For real φ and real ξ, if we rewrite VD in terms of ξ, the scalar potential is not suitable for inflation because of steep
rise of above trigonometric function for higher ξ. However, considering these fields to be purely imaginary, their real
part vanishes, i.e, Re[φ] = Re[ξ] = 0 and using the relation tan(iIm[ξ]) = i tanh(Im[ξ]) the above relation between
two fields becomes:
Im[φ] =
√
6 tanh
(
Im[ξ]√
6
)
. (14)
Writing Im[ξ] = ϕ, the scalar potential VD can be written in terms of physical real ϕ field (keeping reduced Planck
mass Mp = 2.435× 1018 GeV) as:
VD =
9
2
(g21 + g
2
2) cos
2 2β M4p
tanh4
(
ϕ√
6Mp
)
(
1 + 2 tanh2
(
ϕ√
6Mp
))2 . (15)
where ϕ is the inflation field. If we consider tanβ ∼ 1 the above D term scalar potential is found to be ideal for
inflation. It has the property of having even slower roll than other plateau type power law potential because of the
presence of hyperbolic Tan terms which varies more slowly at higher values of the field.
III. INFLATIONARY OBSERVABLES
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Figure 1: Plots of ns,r and α as a function Ne respectively in 1a,1b, 1c. The light blue shaded region corresponds to the 1-σ
bounds on ns from Planck’18. The deep blue shaded region corresponds to the 1-σ bounds of future CMB observations [22, 23]
using the same central value for ns in 1a. In 1b and 1c the bounds on ns is transferred to the bounds on Ne.
Considering the factor 92 (g
2
1 + g
2
2) cos
2 2β ∼ 8.09× 10−10 in Eq. (15) one can obtain very good fit to the observed
data as discussed below and with g1 ∼ g2 ∼ 0.65 this implies tanβ ∼ 0.999988 as mentioned earlier. This indicates
that the up type neutral scalar and the down type neutral scalar fields are both of almost equal strength at the time
of inflation.
The slow roll parameters  and η are defined as [24, 25]:
 =
1
2
Mp
2
(
V ′
V
)2
, η =Mp
2V
′′
V
(16)
Here prime denotes the derivative with respect to ϕ as usual. The amount of inflation is described in terms of number
5of e-folds (Ne) during the inflationary epoch and is given by:
N =
1
Mp
2
ˆ ϕ0
ϕe
V
V ′
dϕ , (17)
where ϕe is denotes the end of inflation which can be calculated using the end of inflation condition (  = 1) and ϕ0
is the value of inflaton field at the time of horizon exit. The inflationary observables, scalar spectral index ns, tensor
to scalar ratio (r) and running of the scalar spectral index ( dnsd ln k ) are respectively defined as:
ns = 1− 6+ 2η , r = 16 , dns
d ln k
(≡ α) =Mp4 (V
′V ′′′)
V 2
. (18)
The amplitude of scalar perturbation is defined as:
As =
1
12pi2Mp
6
(
V 3
V ′2
)
(19)
The analysis is done keeping the amplitude consistent with the observational value measured at the pivot scale (k)
of 0.05 Mpc−1(As(k0) = 2.0989 × 10−9). For the potential mentioned in (15) it is not possible to solve Eq. (17)
analytically. So here, we use the numerical approach, by varying the e-fold (Ne) over a wide range and doing the
necessary quadratic polynomial fitting. One can establish the relation of ns, r, α in terms of Ne as follows:
ns = −7.5857× 10−6N2e + 0.001437Ne + 0.90931 (20)
r = 1.8644× 10−6N2e − 0.0003165Ne + 0.015118 (21)
α = −1.5412× 10−7N2e + 2.6186× 10−5Ne − 0.0012523 (22)
The variation of ns, r, α with Ne is shown in the Fig. 1 along with the constraints on the observables from the latest
observations as mentioned in the Figure captions. The different values of ns, r, α along with As are given in Table I.
Ne r ns As α
50 0.00398279 0.962102 1.48394× 10−9 −0.000330741
60 0.00282859 0.968252 2.09824× 10−9 −0.000235128
70 0.00211400 0.972674 2.81610× 10−9 −0.000175837
Table I: For Ne = 50, 60, 70 the obtained values of inflationary parameters for the potential in (15).
IV. REHEATING PARAMETERS
At the end of inflation (for the cold inflationary scenario), universe ends up in a super-cooled state. Thus to enter
the radiation dominated era and to start the standard Big Bang Nucleosynthesis(BBN), there is an era of reheating
of the universe which is required after the end of inflation [26–32]. For other realisation of inflationary dynamics e.g.
Warm inflation, reader is suggested to go through Ref. [33–36] where the universe can directly enter the radiation
dominated era after the end of inflation. This evolution of the universe from the supercooled state to a hot, thermal
and radiation dominated state can be realised either through the perturbative reheating or the parametric resonance
process better known as (p)reheating (For detailed discussion reader is suggested to follow [37]). In cases of potentials
like ours, the process of reheating of the universe happens mostly due to the (p)reheating process during the fast roll
phase right after the end of the slow roll violation. The epoch of reheating can be parameterised by Nre (number of
e-foldings during the reheating phase), Tre (thermalisation temperature) and the equation of states during reheating
(wre) [38, 39]. Without going into the actual dynamics of governing the reheating phase one can still explore these
parameters indirectly.
If one consider wre to be constant during the reheating era then the energy density of the universe can be related
6with scale factor by using ρ ∝ a−3(1+w) as:
ρend
ρre
=
(
aend
are
)−3(1+wre)
, (23)
where subscripts end is defined as the end of inflation and re is the end of reheating era. Replacing ρend by (3/2)Vend
Nre =
1
3(1 + wre)
ln
(
ρend
ρre
)
=
1
3(1 + wre)
ln
(
3
2
Vend
ρre
)
, (24)
The density and temperature are related as:
ρre =
pi2
30
greT
4
re. (25)
Here gre is the number of relativistic species at the end of reheating.
Using (24) and (25) and following the derivation from [40–42] one can establish the relation between Tre and Nre
Nre =
1
3(1 + wre)
ln
(
30 · 32Vend
pi2greT 4re
)
(26)
Considering that the entropy is conserved from the reheating epoch till today, we can write
Tre = T0
(
a0
are
)(
43
11gre
) 1
3
= T0
(
a0
aeq
)
eNRD
(
43
11gre
) 1
3
, (27)
where NRD is the number of e-folds during radiation era and e−NRD ≡ are/aeq. The ratio a0/aeq can be formulated
as
a0
aeq
=
a0Hk
k
e−Nke−Nree−NRD (28)
From the relaton k = akHk and using the Eq. (26), (27) and (28), assuming wre 6= 13 and gre = 226 (degrees of
freedom in a supersymmetric scenario), we can compute the expression for Nre
Nre =
4
(1− 3wre)
[
61.488− ln
(
V
1
4
end
Hk
)
−Nk
]
(29)
Here we have used Planck’s pivot (k) of order 0.05 Mpc−1. In a similar way we can calculate Tre:
Tre =
[(
43
11gre
) 1
3 a0T0
k
Hke
−Nk
[
32 · 5Vend
pi2gre
]− 1
3(1+wre)
] 3(1+wre)
3wre−1
. (30)
To evaluate Nre and Tre first one need to calculate the Hk, Nk and Vend for the given potential. Using the definition
of tensor to scalar ratio
Hk =
√
1
2
pi2AsMp
2r. (31)
Using Eqs. (21), (22) and (31) for the potential (15) one can establish the relation between ns and Hk as:
Hk = 5.40921× 1018
√
As
(
−0.245778ns − 1.52923× 10−7
√
7.414× 109 − 7.5857× 109ns + 0.242081
)
(32)
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Figure 2: Plots of Nre and Tre as a function ns for different values of wre respectively in Figs. 2a, 2b. The red line corresponds
to wre = −1/3, the green line corresponds to wre = 0, the blue line corresponds to wre = 2/3 and finally the black line
corresponds to wre = 1. The light violet shaded region corresponds to the 1-σ bounds on ns from Planck’18. The deep violet
shaded region corresponds to the 1-σ bounds of future CMB observations [22, 23] using same central value for ns. Temperature
below 5 MeV is ruled out by the BBN.
Using the inflation end condition  = 1 , one can calculate the Vend and then get Tre and Nre by using Eq. (29),
(30) and (32) for different values of equation of state (wre). The changes of Tre and Nre for different values of wre
is shown in Fig. 2. We would like to mention that the merging points for the Tre plot and the Nre plot correspond
to the instant reheating scenario thus making Nre = 0. Though these merging points should be the same for the two
cases but it’s not the case because analytical solution of the Eq. (17) cannot be obtained. Thus, due to the numerical
solution, there is a little mismatch between the merging points in the Fig. 2a and Fig. 2b.
V. CONCLUSION
In this work we have introduced a particular model of inflation from the D-term SUGRA. In fitting with the
observational data, it turns out that the ratio of two neutral scalar fields tanβ ∼ 1. This implies that the up
type neutral scalar and the down type neutral scalar are of almost equal field strength at the time of inflation. If
this relationship holds down to the electroweak scale and this tanβ can be expressed as the ratio of two vevs of
these corresponding fields, then it will indicate higher SUSY breaking scale around 100 TeV [43]. This could have
some implications at low energy phenomenology that we would like to explore in future. The potential responsible for
inflation in our case, is coming for a completely canonical Lagrangian. We have shown, for our case, all the inflationary
observables well satisfies the Planck’18 bounds. Also we would like to emphasize that for our inflationary potential
low tensor to scalar ratio (r) in the order O(10−3) is achievable.
We have also studied the reheating era and calculated the related reheating temperature and the related number
of e-foldings. Obviously, when one is studying the inflation and reheating in a supersymmetric model, gravitino
overproduction problem needs to be dealt with to have a successful BBN. However, the presence of the gravitino leads
to serious cosmological problems depending on its mass and nature. If the gravitino is unstable and has a mass m3/2
in the range of O(100) GeV to O(10) TeV, then it can completely destroy the notion of successful BBN. To achieve
a successful phase of BBN, Tre has to be less than 107 − 108 GeV. On the other hand, if the gravitino is as light as
m3/2 < O(10) GeV and it is stable (that is, the lightest supersymmetric particle (LSP)), the reheating temperature
should satisfy [Tre ≤ O(107) GeV (m3/2/1 GeV)] for m3/2 ≤ 100 keV for the gravitino density not to exceed the
observed dark matter density [44]. On that note, we would like to comment, for our model with wre = 2/3 and
wre = 1, after satisfying all the bounds due to gravitino overproduction, we can have big parameter space for Tre
which is well inside Planck’18 1-σ bound on ns.
A reconstructed study of inflationary potential [45, 46] in a SUGRA framework and its effects on reheating could
be an interesting work that we would like to explore in the future. Also, a parameter estimation using the Monte
Carlo Moarkov Chain(MCMC) approach could give us the better understanding of the model as in the case initiated
for string motivated models in [47], which could be used to explore the SUGRA parameter space indirectly. We hope
to come back to these in recent future.
8ACKNOWLEDGMENTS
Work of MRG is supported by Department of Science and Technology, Government of India under the Grant
Agreement number IF18-PH-228 (INSPIRE Faculty Award). The authors would like to thank A. A. Sen, B. R. Dinda
for useful discussions.
[1] A. R. Liddle and D. H. Lyth, Cosmological Inflation and Large Scale Structure, (Cambridge University Press: Cambridge,
UK), (1998).
[2] J. Martin, C. Ringeval and V. Vennin,Phys. Dark Univ. 5-6, 75 (2014), [arXiv:1303.3787 [astro-ph.CO]].
[3] E. W. Kolb and M. S. Turner, The Early Universe, (Addison-Wesley, Menlo Park, Ca., 1990).
[4] A. H. Guth, Phys. Rev. D 23, 347 (1981).
[5] A. D. Linde, [Phys. Lett. 108B (1982) 389].
[6] A. H. Guth and S. Y. Pi, [Phys. Rev. Lett. 49, 1110 (1982)].
[7] A. D. Linde, [Phys. Lett. 129B, 177 (1983)].
[8] P. J. Steinhardt and M. S. Turner, [Phys. Rev. D 29, 2162 (1984)].
[9] A. Albrecht and P. J. Steinhardt, [Phys. Rev. Lett. 48, 1220 (1982)].
[10] G. Hinshaw, et al. (WMAP Collaboration), Astrophys. J. Suppl. Ser., 208, 19 (2013), [arXiv: 1212.5226[astro-ph.CO]].
[11] PlanckXX Collaboration, Astron. & Astrophys, 594 A20 (2016), arXiv: 1502.02114[astro-ph.CO].
[12] N. Aghanim et al. [Planck Collaboration], [arXiv: 1807.06209[astro-ph.CO]].
[13] Planck 2018 Collaboration, Y. Akrami et al., [arXiv: 1807.06211[astro-ph.CO]].
[14] A. A. Starobinsky,Phys. Lett. B 91, 99 (1980), [https://www.sciencedirect.com/science/article/pii/037026938090670X].
[15] J. Ellis, D. V. Nanopoulos and K. A. Olive,Phys. Rev. Lett. 111, 111301 (2013), Erratum: [Phys. Rev. Lett. 111, no. 12,
129902 (2013)], [arXiv:1305.1247 [hep-th]].
[16] G. K. Chakravarty, G. Gupta, G. Lambiase and S. Mohanty, Phys. Lett. B 760, 263 (2016), [arXiv:1604.02556 [hep-ph]].
doi:10.1016/j.physletb.2016.06.053 ; G. K. Chakravarty, U. K. Dey, G. Lambiase and S. Mohanty, Phys. Lett. B 763, 501
(2016), [arXiv:1607.06904 [hep-ph]].
[17] K. Dimopoulos and C. Owen, Phys. Rev. D 94, no. 6, 063518 (2016), [arXiv:1607.02469 [hep-ph]].
[18] G. GermÃąn, J. C. Hidalgo, F. X. L. CedeÃśo, A. Montiel and J. A. VÃązquez, [arXiv:1909.02019 [astro-ph.CO]].
[19] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B 133 (1983) 61; J. R. Ellis, A. B. Lahanas, D.
V. Nanopoulos and K. Tamvakis, [Phys. Lett. B 134 (1984) 429].
[20] J. R. Ellis, C. Kounnas and D. V. Nanopoulos, [Nucl. Phys. B 241, 406 (1984)]; J. R. Ellis, C. Kounnas and D. V.
Nanopoulos, [Nucl. Phys. B 247, 373 (1984)].
[21] John Ellis, Balakrishnan Nagaraj, Dimitri V. Nanopoulos and Keith A. Olive,[hep-th/1809.10114].
[22] Euclid Theory Working Group Collaboration, L. Amendola et al., Living Rev.Rel. 16 (2013) 6, [arXiv:1206.1225].
[23] PRISM Collaboration Collaboration, P. Andre et al., [arXiv:1306.2259].
[24] A. R. Liddle, P. Parsons and J. D. Barrow,Phys. Rev. D 50, 7222 (1994), [astro-ph/9408015].
[25] D. Baumann, [arXiv:0907.5424 [hep-th]].
[26] V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, Phys. Rept. 215, 203 (1992). .
[27] Andreas Albrecht, Paul J. Steinhardt, Michael S. Turner, and Frank Wilczek, [Phys. Rev. Lett. 48].
[28] L. Kofman, A. D. Linde and A. A. Starobinsky,Phys. Rev. Lett. 73, 3195 (1994), [hep-th/9405187].
[29] Y. Shtanov, J. H. Traschen and R. H. Brandenberger, Phys. Rev. D 51, 5438 (1995), [hep-ph/9407247].
[30] L. Kofman, A. D. Linde and A. A. Starobinsky,Phys. Rev. D 56, 3258 (1997), [hep-ph/9704452].
[31] B. A. Bassett, S. Tsujikawa and D. Wands, Rev. Mod. Phys. 78, 537 (2006), [astro-ph/0507632].
[32] T. Rehagen and G. B. Gelmini,JCAP 1506, no. 06, 039 (2015), [arXiv:1504.03768 [hep-ph]].
[33] A. Berera, Phys. Rev. Lett. 75, 3218 (1995), [astro-ph/9509049].
[34] A. Berera and L. Z. Fang, Phys. Rev. Lett. 74, 1912 (1995), [astro-ph/9501024].
[35] M. Bastero-Gil et. al., Phys. Rev. Lett. 117, no. 15, 151301 (2016), [arXiv:1604.08838 [hep-ph]].
[36] M. Bastero-Gil et. al., JCAP 1802, 054 (2018), [arXiv:1710.10008 [astro-ph.CO]].
[37] K. D. Lozanov, [arXiv:1907.04402 [astro-ph.CO]].
[38] J. Martin, C. Ringeval and V. Vennin,Phys. Rev. Lett. 114, no. 8, 081303 (2015), [arXiv:1410.7958 [astro-ph.CO]].
[39] R. C. de Freitas and S. V. B. GonÃğalves, [arXiv:1509.08500 [astro-ph.CO]].
[40] J. L. Cook, E. Dimastrogiovanni, D. A. Easson and L. M. Krauss,JCAP 1504, 047 (2015), [arXiv:1502.04673 [astro-ph.CO]].
[41] R. G. Cai, Z. K. Guo and S. J. Wang,Phys. Rev. D 92, 063506 (2015), [arXiv:1501.07743 [gr-qc]].
[42] J. O. Gong, S. Pi and G. Leung, JCAP 1505, no. 05, 027 (2015), [arXiv:1501.03604 [hep-ph]].
[43] A. Djouadi and J. Quevillon, JHEP 1310, 028 (2013), [arXiv:1304.1787 [hep-ph]]. ; A. Djouadi, L. Maiani, A. Polosa,
J. Quevillon and V. Riquer, JHEP 1506, 168 (2015), [arXiv:1502.05653 [hep-ph]].
[44] M. Kawasaki, F. Takahashi and and T. T. Yanagida, Phys.Rev. D74 (2006) 043519,[arXiv: hep-ph/0605297].
[45] W. H. Kinney, Phys. Rev.D66 (2002) 083508, [arXiv: astro-ph/0206032].
[46] S. Bhattacharya et. al., [ arXiv:1908.02542 [astro-ph.CO]].
[47] S. Bhattacharya et. al., Phys.Rev. D97 (2018) no.12, 123533, [arXiv:1711.04807].
